In recent studies, nanoindentation experiments combined with the Oliver and Pharr method (OP method) are frequently used to measure the mechanical properties of "one-dimensional" structural materials (micro/nanowires and nanobelts) regardless of the corresponding assumptions of the OP method. This article reports the numerical simulation studies of the nanoindentations of wire structural materials on elastic-plastic substrates using dimensional analysis and the finite element method. We find that the measured hardness and Young's modulus of wire structural materials are significantly influenced by their geometries and indenters as well as the mechanical properties of substrates and wires.
I. INTRODUCTION
Over the past decades, one-dimensional (1D) structural materials (such as micro/nanowires and nanobelts) have attracted the attention of scientists for their excellent properties and broad potential applications. For their applications, obtaining the mechanical behaviors of the 1D structural materials is the key step when they are integrated into advanced products. In recent studies, nanoindentation experiments combined with the Oliver and Pharr method (OP method) are frequently used to study the mechanical properties of 1D structural materials, especially properties of the 1D nanostructural materials (nanowires and nanobelts), because their mechanical properties are obtained with difficulty using the conventional testing instruments and techniques for their tiny volumes, sample clamping requirement, and super measuring precision. [1] [2] [3] [4] [5] [6] A significant reduction in the measured Young's moduli of the aluminum borate (Al 4 B 2 O 9 and Al 18 B 4 O 3 ) nanowires, in the range of 50 to 70%, compared with those of the bulk materials was reported using nanoindentation with the OP method, which was then attributed to the loss of constraints on surface atoms. 4 The low Young's modulus, compared with the counterpart bulk materials, was also observed in other nanowires, such as ZnO, ZnS, and GaN. 1, 7, 8 In contrast, nanoindentation of gold and silver nanowires yielded the Young's moduli comparable with those of the bulk materials. 2, 3 However, according to atomic simulations, the nanowires have a comparable Young's modulus with that of the corresponding bulk material, and the surface and edge effects of nanowires can be negligible when the diameters of the nanowires are larger than 3 to 4 nm. 9 Meanwhile, using the surface stress theory, the divergences between the Young's modulus of ZnO nanowires and those of the bulk materials are small (in the range of 10%) and decrease as the diameter increases, when their diameters are larger than 50 nm. 10 The apparent discrepancies between different experiments and analysis indicate that the physics and mechanics of wire structural materials underlying the foregoing experiments may not be fully explored and therefore need further investigations.
In this study, three-dimensional (3D) finite element simulations (FEM) and dimensional analysis are performed to study the nanoindentation of wire structural materials, which mechanical properties are comparable with the corresponding bulk materials, on an elasticplastic substrate by a cone indenter. For deviating from the original assumptions of the Oliver and Pharr method, the effect factors (the geometries of wire structural materials and indenter and the mechanical properties of wire structural materials and substrates) on the measured hardness and Young's modulus of wire structural materials from the Oliver and Pharr method are investigated in detail; in addition, the applicability of the Oliver and Pharr method on the mechanical property measurement of wire structural materials is investigated.
II. MODELING AND ANALYSES
The Oliver and Pharr method was originally developed to study the hardness and Young's modulus of bulk elastic-plastic materials. That is, below the initial yield stress, s Y , the materials are elastic and can be characterized with the Young's modulus, E, and Poisson's ratio, n. After yielding, the stress-strain curves of the materials can be described with the strain hardening exponent, n, and the following relationship:
In the present study, the mechanical behaviors of elastic-plastic wire structural materials are characterized with E w , n w , s Yw , and n w , whereas the mechanical properties of substrate and indenter are characterized with E s , n s , s Ys and E i , n i , respectively.
A typical indentation curve obtained with a conical indenter is presented in Fig. 1 , which is composed of loading and unloading curves. In addition, it is assumed that elastic-plastic deformation occurs during loading, but that elastic deformation only occurs during unloading. Based on the unloading curve of indentation and the Oliver and Pharr method, the hardness, H OP B , and the reduced Young's modulus, E OP B , of the elastic-plastic bulk materials can be obtained with the OP method using the following formulas 11 :
where P max denotes the maximum indentation load; A (h c ) is the corresponding projected area of contact area related to the contact depth h c ; b is a correction factor; and S denotes the initial slope of the unloading curve ¼ dP dh j h¼h max À Á . The mark "op" stands for the physical quantities that can be extracted from the P-h curves using the Oliver and Pharr method, and the subscript "B" stands for the bulk elastic-plastic materials.
In the article, the 3D conical indenter modeled with the tip radius, R 0 , and the tip half angle, y, is adopted to study the nanoindentations of wire structural materials. Based on the Oliver and Pharr method, for indentation depths much larger than the indenter tip radius (h)R 0 ), according to dimensional analysis, the indentation hardness and Young's modulus of bulk materials with the same mechanical properties of wire structural materials can be written as [9] [10] [11] [12] :
Note that, in deriving Eqs. (4) and (5), the contact friction, f 1 , between the indenter and the indented material is neglected in the Oliver and Pharr method. In addition, E r is the reduced Young's modulus, which accounts for the mutual elastic deformation during indentation, given as follows:
For the nanoindentations of wire structural materials, the wire structural materials can be modeled as the length, l, and the radius, R, which are comparable with the radius of indenter; in addition, the indentation of wire structural materials on an elastic-perfectly plastic substrate entails two contacts, as depicted in inset I of Fig. 2 . Based on the Oliver and Pharr method, the new length-scale parameters that are related to the geometries of wire structural materials and indenters and the mechanical properties of substrates enter the dimensional equations, i.e., Eqs. (4) and (5), which give:
Note that, in deriving Eqs. (7) and (8), the friction coefficients f 1 and f 2 among the indenter, wire structural materials, and substrate are taken to be 0.1 to account for the limited tangential adhesion among them and then omitted. 13 The subscript "w" stands for the wire structural materials. In addition, H OP w and E OP w are the hardness and Young's modulus, respectively, of the wire structural materials from the Oliver and Pharr method; E rs is the reduced Young's modulus, which accounts for the mutual elastic deformation between the nanowire and the substrate, which is: Eqs. (4), (5), (7), and (8) 
The 3D indentation model and geometry are adopted to depict the nanoindentations of wire structural materials in Fig. 2 . The symmetry of the model (1/4 symmetry) can be realized by examining the symmetry of nanowire under the given boundary conditions. The left crosssection of nanowire is fixed in the Z direction, the right end of nanowire is fixed in all directions, and the inner surface is fixed in the X directions; whereas the down surface of substrate are fixed in all directions, the left cross-section of substrate is fixed in the Z direction, and the inner surface of substrate is fixed in the X direction. At the same time, the indenter can be only moved in the direction of Y direction. For the bulk materials, the details of the finite element model have been given previously. 14 Because there are no analytical solutions to the problem of conical indentations in elastic-plastic wire structural materials, a 3D finite element model was invoked with the commercial FEM package ABAQUS (HKS Inc., Pawtucket, RI) 15 to systematically investigate the dimensionless functions Eqs. (10) and (11) . In addition, the four-node 3D continuum elements were used to mesh the contact system. As shown in Fig. 2 , insets II and III, the mesh was refined in the contact area as opposed to the coarse mesh far away, providing a good compromise between the computational accuracy and cost. In the simulation, the model assumed isotropic power-law strain hardening, the yield criterion was that of Von Mises, and large deformation formulations were included. In addition, the convergence of the numerical solutions has been proved with 15,200 elements.
In the numerical simulations, the cone rigid indenter with a half-included angle of 70. 3 , which is equivalent to a Berkovich indenter, is adopted. In addition, l/R was taken as 30 because the relative errors of the simulated results were within 5% when l/R ! 30 according to the numerical simulations.
To evaluate the dependence of the normalized Young's modulus and hardness of nanowires on the E r s Yw and n w , we take the substrate as a rigid body, the tip radius of the sharp cone rigid indenter, R 0 , as 0, and the indenting depth as six-tenths of wire's radius, R, as illustrated in Fig. 2 . That is, To study the effects of elastic-plastic deformations of the substrates on the normalized hardness and Young's modulus of wire structural materials, a series of wiresubstrate systems with 0:01 in addition, the radius of indenter, R 0 , is taken as 0 (that is, R 0 =R ¼ 0). On the one hand, the numerical results in Fig. 4 show that for the studied wire-substrate systems with given values, the smaller the normalized Young's modulus. According to the study, the elastic-plastic deformations of substrates greatly affect the measured value of hardness and Young's modulus of wire structural materials.
In this study, our analysis is further focused on the geometry effects (the radius of indenter tip, the radius of wire structural materials, and indentation depth) on the measured hardness and Young's modulus of wire structural materials on rigid substrates. In Fig. 5 , the values of normalized hardness of wire structural materials are significantly underestimated, especially in cases where the indenter tip radius is larger than that of a wire; for example, the normalized hardness of wire structural materials is equal to 0.4 for R 0 =R ¼ 1 and h=R ¼ 0:3. In contrast, the normalized Young's modulus of wire structural materials initially decreases with the increasing normalized indent depth, h/R, and then increases with the increasing normalized indent depth after it passes a critical value (Fig. 5) . The descending trend observed in the shallow indent regime is attributed to the curvature effect of nanowires, which is not accounted for in the Oliver and Pharr method. Because the indenter tip radius and indent depth are much smaller than the wire radius, the deviation from the contact geometries in the Oliver and Pharr method is, to some degree, remedied, the extracted wire structural materials' Young's modulus should be equal to the value of the corresponding bulk material. However, the substrate effect emerges as the indenter penetrates deeply into the wire structural materials, which results in the ascending trend observed in the deep indent regime. Please note that the divergence in the extracted Young's modulus of wire structural materials at deep indent depths is caused by the rigid body assumption for the substrate (E s !1).
III. CONCLUSION
In summary, for the wire structural materials with 10-nm diameters or more and generally have comparable mechanical behaviors with those of the corresponding bulk materials, 9,10 the hardness and Young's modulus from nanoindentations using the Oliver and Pharr method without corrections may be significantly underestimated regardless of the effects of the geometries of wire structural materials and the indenter and the mechanical behaviors of wire structural materials and substrates. Moreover, for the nanowires with 10-nm diameters or less, the size effects caused by the inner physical mechanism of micromaterials, which are out of the scope of this paper, also affect the measurement of their mechanical properties and will be addressed in our future work. Therefore, a more robust and reliable measurement that can be used to study the mechanical properties of wire structural materials is needed in the future.
